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Abstract  6 
Structured microchannel H-ZSM-5 catalysts containing up to 80 wt% zeolite (balance bentonite) were 7 
fabricated by unit operations of paste preparation, extrusion, drying and firing. The structured catalysts, 8 
called miniliths due to their micrometre-range dimensions, were composed of parallel cylindrical 9 
channels with a wall thickness of 200 – 300 μm, density of 2.1 channels/mm2 and a channel diameter 10 
of 300 μm. These miniliths were characterised by X-ray diffraction, scanning electron microscopy, 11 
energy dispersive X-ray analysis, N2 physisorption and thermogravimetric analysis. For the first time, 12 
these miniliths were tested for the conversion of methanol to gasoline at 370 °C, 3 bar and a weight 13 
hourly space velocity (WHSV) of up to 1170 h-1. A gasoline product yield of 53% was obtained at a 14 
methanol conversion of 74% over the ZSM-5 miniliths. The pressure drop at the same conversion over 15 
a packed-bed reactor of equal ZSM-5 content was 2 orders of magnitude higher than that of the minilith. 16 
Reducing the amount of ZSM-5 catalyst in the packed bed, to obtain similar inlet pressure as the ZSM-17 
5 minilith gave the same product yield at a much higher conversion (81%) demonstrating the potential 18 
of these structured microchannel reactors. 19 
Keywords: methanol-to-gasoline, methanol-to-olefin, ZSM-5, minilith, gasoline, methanol, structured 20 
reactor, micromonolith 21 
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1. Introduction  26 
In heterogeneous catalysis, product selectivity is regulated by an interaction of mass and heat 27 
transport, kinetics and hydrodynamics. This interaction can be particularly pronounced in constrained 28 
environments such as zeolites. Zeolites, which generally possess a well-defined pore architecture and 29 
size (1), are synthesised in their powder form and used in their pelletised form in packed bed reactors. 30 
The major drawbacks to this approach are (i) high pressure drop, (ii) limited use of catalyst bed, (iii) 31 
flow maldistribution (e.g. channelling) and (iv) heat- and mass-transport limitations (2, 3). The high 32 
pressure drop is circumvented by using larger pellets that increase the inter-particle channel dimensions. 33 
Large pellets, however, lead to intra-pellet mass transfer limitations. Flow maldistribution is minimised 34 
by ensuring a high ratio of the reactor diameter to catalyst particle diameter (4-6). The need for small 35 
particle sizes and low pressure drop can be decoupled using a structured reactor such as a monolith (3).  36 
The conversion of methanol to gasoline (MTG) over a packed-bed of ZSM-5 catalysts is an 37 
exothermic (1.74 MJ kgmethanol-1) reaction (7, 8) with an adiabatic temperature rise of 600 °C observed 38 
in industrial packed-bed processes (8). The temperature rise in the reactors is kept within acceptable 39 
limits by separating the overall MTG process into two stages: dehydration of methanol to dimethyl ether 40 
(DME), and conversion of this mixture to hydrocarbons (9). The temperature rise in the second stage 41 
may be further reduced by applying a large recycle of gas, but this approach increases the operating 42 
costs. High exothermicity of the MTG reaction at full conversion leads to the presence of hot spots 43 
along the catalyst bed which generate uneven concentration distribution and facilitate catalyst 44 
deactivation; both resulting in an uncontrollable product selectivity. Thus, industrially, there is a 45 
demand for catalysts that: (i) show slow deactivation and (ii) allow for quick heat transfer leading to 46 
further reduction in operating costs. There has also been a long standing scholarly debate on the 47 
formation of primary products from methanol either directly (10-18) or through a hydrocarbon pool 48 
mechanism (19-27). Studying the induction period or steady state MTG conversion at low contact times 49 
can allow for mechanistic investigations of primary product formation.    50 
A reduced probability of hot spots is obtained due to high reproducibility of size and surface 51 
characteristics of individual monolithic passages that allow for equal flow, mass and heat transport 52 
conditions under adiabatic operation (2). Short-length monoliths are used to enhance mass and heat 53 
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transfer as velocity, temperature and concentration profiles are still developing (2). It is well established 54 
that for simultaneously developing flow, the fluid velocity, velocity gradients, and temperature 55 
gradients near the wall in the entrance region will be higher than that attained with fully developed 56 
profiles. Consequently, the higher velocities convect more thermal energy in the flow direction, and 57 
heat transfer in the thermal entrance region is higher for the case of developing velocity profiles (28).  58 
Zeolite-coated spheres (29), zeolite membranes (30), ceramic foams (31), β-SiC foams (32), wash-59 
coated monoliths (33, 34) have been used to intensify the conversion of methanol to hydrocarbons 60 
(MTH). In all these systems, catalyst inventory remains, however, an important obstacle. This challenge 61 
can be overcome by co-extrusion of the catalyst substrate and a binder (2). Hargreaves and Munnoch 62 
(35) showed that binders can affect catalytic processes by modifying coking characteristics, entrapping 63 
poisons, transferring chemical species to or from the active phase, modifying heat transfer and porosity 64 
characteristics and improving physical durability. Whiting et al. (36) used microspectroscopy to show 65 
aluminium migration in ZSM-5-containing Al2O3-bound extrudates, forming additional Brønsted acid 66 
sites. Fougerit et al. (37) attributed the increase in the stability of a dealuminated mordenite catalyst for 67 
methanol to olefin conversion to the trapping of coke precursors in the binder phase. Shihabi et al. (38) 68 
showed that an α-alumina monohydrate binder inclusion on a siliceous H-ZSM-5 catalyst significantly 69 
enhanced the conversion of methanol to hydrocarbons. This enhancement was attributed to the transfer 70 
of aluminium species from the binder to the zeolite phase.  71 
In this contribution, we fabricated, characterised and tested a co-extruded structured catalyst with 72 
micrometre-range channels for MTG conversion. The structured catalysts, extruded into a cylindrical 73 
form, contained the ZSM-5 catalyst in the bulk and on the outer surface of the channels. The structured 74 
catalysts referred to as ZSM-5 miniliths have a potential industrial significance as they not only reduce 75 
the pressure drop (thereby reducing operating costs) but also maintain high catalyst loading. These 76 
advantages have been achieved with similar gasoline yields as those obtained under reported industrial 77 
conditions. Also, the dimensions of short microchannels allow for the accessibility of very low 78 
residence times (39) which could be relevant to solving the initial C-C bond conundrum in the absence 79 
of transport restrictions.   80 
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2. Material and Methods  81 
2.1. Catalyst preparation  82 
A commercial NH4-ZSM-5 zeolite catalyst with a Si/Al ratio of 25 was purchased from Zeolyst 83 
International. The catalyst powder was sieved (0.5 mm mesh) to remove larger particles and mixed with 84 
20 – 50 wt% sodium bentonite powder received from RS minerals Ltd. The total solid weight (ZSM-5 85 
and bentonite) was 100 g. Distilled water was added to the zeolite-bentonite mixture. The optimum 86 
water weight was found to be in the range from 0.9 (sample D) to 1.2 (sample A) times the weight of 87 
the solid mixture. The resulting paste was homogenised in a high-shear mixer (Clatronic, 1000W) for 88 
2 min. Since the water content varied with binder content, the ZSM-5/bentonite ratio was altered to 89 
study its influence on pore volume and surface area. The compositions studied are listed in Table 1. For 90 
sample A2, 10 g of carbon (activated carbon, Nuchar) was added to the solid mixture. Sample B can 91 
also be compared to B2 to investigate the effect of water content as they both contain equal ZSM-5 and 92 
bentonite content.   93 
The wet homogenous paste was kneaded to remove trapped air and extruded manually through a 94 
cylindrical multi-pin die with a bench mounted press. The extrudates, which possess micrometre-range 95 
channels, are called miniliths. The term, minilith, has been used before to refer to structured 96 
hydrodemetalation catalysts (40, 41). The minilith were further dried in a cold room (5 °C) and were 97 
rolled around periodically to ensure homogenous drying in accordance with the method used by Lee et 98 
al. (42). The dried minilith extrudates were heated in a kiln (Rohde) at 5 °C min-1 up to 450 °C and held 99 
for 0.5 h. This temperature was chosen to preserve the mechanical strength of the minilith while 100 
maintaining the distribution of acid sites between Brønsted and Lewis acid sites (43).  101 
Table 1: Composition of the ZSM-5 miniliths  102 
Sample code ZSM-5 (g) Bentonite (g) Carbon (g) Water (g) 
A 50 50 - 121 
B 60 40 - 111 
C 70 30 - 91 
D 80 20 - 91 
     
A2 50 50 10 137 
B2 60 40 - 82 
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2.2. Catalyst characterisation  103 
The minilith samples were ground and X-ray diffraction (XRD) studies were performed with a 104 
Bruker Advance D8 diffractometer using Cu Kα1 radiation equipped with standard Bragg-Brentano 105 
geometry. Nitrogen physisorption studies were carried out on the unground samples with a 106 
Micromeritics ASAP 2020 unit. The samples were degassed by heating to 300 °C under vacuum (10-6 107 
mbar) for 8 h. After degassing, nitrogen was adsorbed at -196 °C at increasing partial pressures to 108 
determine the BET surface area and the pore volume. A Rouquerol-adjusted BET surface area (44) was 109 
then calculated. The morphology and elemental analysis were obtained using energy dispersive X-ray 110 
analysis of the zeolite minilith was studied using a JEOL (JSM-6480LV) scanning electron microscope 111 
equipped with an Oxford INCA X–act 10 mm2 SDD X-ray detector.  112 
Thermogravimetric analysis (TGA) of the ground miniliths as well as the original ZSM-5 catalyst 113 
and bentonite powder was carried out in a Setsys Evolution TGA 16/18 instrument (SETARAM). 114 
Before each experiment, 12 mg of sample was placed into an alumina crucible held in a TGA chamber 115 
that was purged with air at 20 °C at 200 mL min-1 for 8 min. All gas flow rates refer to normal 116 
temperature and pressure. The experiments were performed under air flowing at 20 mL min-1 at a 117 
heating rate of 5 °C min-1 to the temperature of 600 °C.  118 
2.3. ZSM-5 minilith catalytic tests 119 
The ZSM-5 minilith (~ 3.9 mm O.D, 14 mm length) was placed between two quartz wool plugs 120 
and inserted in a cylindrical quartz tube (4 mm I.D, 6 mm O.D). The quartz tube was housed in a heater 121 
(see Fig. S1 in supplementary information). To obtain the H-form, the NH4-ZSM-5 minilith was 122 
additionally calcined under oxygen flow at 450 °C for 30 min at a heating rate 5 °C min-1. This additional 123 
calcination was conducted to ensure the same integrity of miniliths used in catalytic tests. Thereafter, 124 
the ZSM-5 minilith was purged with nitrogen at a flowrate of 10 mL min-1 while the reactor temperature 125 
was brought down to 370 °C. During the MTG reaction, nitrogen was passed at various flowrates 126 
through a vessel containing methanol which was immersed in a saturator at 4.2 °C. A back-pressure 127 
controller was used to maintain an inlet pressure of 3 bar. The reaction products were sampled through 128 
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an online gas chromatography (Shimadzu GC 2010) equipped with a flame ionisation detector and an 129 
Equity-1 fused silica capillary column (90m × 0.53mm × 3.0µm).  130 
The methanol conversion and yield were calculated on a carbon basis. The conversion was defined 131 
as the fraction of oxygenates consumed during the reaction (equation 1), where CMeOH,in  is the inlet 132 
methanol mole concentration,  Coxy,out is the sum of the outlet mole concentrations of methanol and twice 133 
the outlet mole concentrations of DME. Ci is the mole concentrations of species (ethene, propene etc)    134 
𝑋 =
𝐶𝑀𝑒𝑂𝐻,𝑖𝑛−𝐶𝑜𝑥𝑦,𝑜𝑢𝑡
𝐶𝑀𝑒𝑂𝐻,𝑖𝑛
× 100%, (1) 135 
Dry yield towards hydrocarbons was calculated based on carbon number. For instance, for ethene 136 
and propene, it is given as:  137 
𝑌𝑒𝑡ℎ𝑒𝑛𝑒 =
2∙𝐶𝐶2𝐻4
𝐶𝑀𝑒𝑂𝐻,𝑖𝑛
× 100%,  (2) 138 
𝑌𝑝𝑟𝑜𝑝𝑒𝑛𝑒 =
3∙𝐶𝐶3𝐻6
𝐶𝑀𝑒𝑂𝐻,𝑖𝑛
× 100%,  (3) 139 
The product distribution (mass fraction, wi) of species was evaluated as:  140 
𝑤𝑖 =
𝑚𝑖
∑𝑚𝑐+𝑚𝐻2𝑂+𝑚𝑁2
                                                                                                                             (4) 141 
Where mi is the mass of specie, i, mc is the total mass of hydrocarbons (aliphatics and aromatics), 142 
mH2O is the water mass and mN2 is the mass of carrier gas, N2. The calculation of mass and moles of 143 
species are given in a sample calculation in Table S1 in supplementary information.  144 
A test experiment on the effect of the binder was conducted at 370 °C and the lowest flow rate of 54 145 
mL min-1. Additionally, stability measurements were conducted over a chosen minilith (Sample C) 146 
and compared to a zeolite/bentonite mixture of equal ZSM-5 weight at 3 bar and a flowrate of 54 mL 147 
min-1.   148 
3. Results and discussion 149 
3.1. Catalyst characterisation  150 
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 151 
Fig. 1: Powder X-ray diffraction patterns of bentonite, ZSM-5 miniliths and ZSM-5 catalyst. 152 
 
The XRD patterns of the miniliths composed of ZSM-5 and bentonite are presented in Fig. 1. 153 
All samples exhibit the MFI structure with major peaks located at 2θ about 7.9° and 8.9° and the 154 
characteristic triplet at 23.5° (45, 46). ZSM-5 peaks did not shift on adding bentonite. Carbon as a pore 155 
template does not affect lattice crystallinity. This is because during firing the carbon is burnt-off to 156 
create mesoporosity. Carbon affects the porosity (as shown in Table 2) but not the crystallinity. 157 
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Table 2: Porosity data of the ZSM-5 miniliths 158 
Sample 
code 
ZSM-5 
(g) 
Bentonite 
(g) 
Carbon 
(g) 
Water 
(g) 
BETΩ 
surface 
area, 
m2 g-1 
HK* 
micropore 
volume, 
cm3 g-1  
Total 
pore 
volume, 
cm3 g-1 
Si/Al 
ratio  
A 50 50 - 121 293 0.114 0.175 7.6 
B 60 40 - 111 273 0.109 0.183 9.4 
C 70 30 - 91 323 0.129 0.235 11.7 
D 80 20 - 91 353 0.142 0.238 14.6 
A2 50 50 10 137 224 0.075 0.132 7.7 
B2 60 40 - 82 279 0.111 0.193 10.2 
ZSM-5 100 - - - 419 0.143 0.222 25Δ  
Bentonite - 100 - - 48 0.013 0.048  1.5Δ  
ΩRouquerol-adjusted BET values. *HK:Horvath-Kawazoe. ΔCommercial values.  159 
ZSM-5 and bentonite both have micropores (below 2 nm in diameter) and mesopores (2-50 nm 160 
in diameter). An increasing amount of bentonite added to a minilith generally reduces the BET surface 161 
area and micropore volume (Table 2). The addition of carbon to the ZSM-5/bentonite mixture to induce 162 
mesoporosity leads to a decrease in BET surface area and a decrease in micropore volume (comparing 163 
sample A to A2). This is probably due to the formation of larger pores in the minilith (see Fig. S2 in 164 
supplementary information). These macropores are formed during the burning-off of carbon during 165 
firing. Carbon agglomeration occurs during paste preparation leading to large pores on burning-off. The 166 
water content varied systematically with solid weight (ZSM-5 and bentonite). When solid weight 167 
content was kept constant (sample B vs B2), addition of more H2O to the paste made little impact on 168 
the minilith microporosity but a higher impact on total pore volume. The Si/Al ratios of the final 169 
miniliths increases as the ZSM-5 content increases.       170 
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(a) A vertical cross-section of 50 wt% ZSM-5 (sample A) 
minilith showing an insert of the bentonite phase and 
ZSM-5 phase 
 
  
(b) Image of three minilith structures (L-R): 70 wt% 
(sample C) and 60 wt% ZSM-5 (sample B)  with an 
inset of a horizontal cross-section of 70 wt% minilith 
(sample C) 
Fig. 2: Scanning electron micrographs and images of the ZSM-5 miniliths 171 
The scanning electron micrographs (Fig. 2) show that the ZSM-5 particles are homogeneously 172 
dispersed on the bentonite structure. The ZSM-5 particles appear as tiny islands on the flat bentonite 173 
surface. Addition of carbon leads to large cavities in the ZSM-5 minilith (comparing sample A to A2). 174 
Before firing, the ZSM-5 minilith maintains a diameter of 4.4 mm. After firing, the channels shrink in 175 
accordance to the amount of bentonite present in the structure. For instance, visual inspection of the 176 
minilith diameters before and after firing show that a 13% shrinkage occurs with 70 wt% ZSM-5 177 
(sample C).  178 
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a. TGA of ZSM-5 used for ZSM-5 minilith 
preparation 
 
b. TGA of bentonite used for ZSM-5 minilith 
preparation 
  
c. The release of H2O at m/z=18 during TGA 
analysis 
 
 
Fig. 3: TGA of weight loss (a, b) and (c) rate of H2O release over ZSM-5 and bentonite.  179 
Fig. 3a shows TGA curves for ZSM-5 where weight losses occur in two temperature ranges 180 
investigated: below 200°C and between 200 and 450 °C after which no weight changes are observed 181 
indicating that a stable zeolite is obtained. For bentonite, three weight loss temperature regions were 182 
obtained: below 100 °C, between 100 and 150 °C and at temperatures greater than 515 °C (Fig. 3b).  183 
The H2O profiles (Fig. 3c) are similar in shape to the rate of mass loss profiles (Figs. 3a and b) 184 
suggesting that H2O accounts for most of the sample loss. The bentonite weight loss below 150°C 185 
corresponds to the removal of adsorbed and interlayer water while the loss at temperatures above 515°C 186 
relates to the removal of water from bentonite (47). Therefore, prior to catalytic testing, the catalysts 187 
were fired at 450 °C to keep the chemical nature of the bentonite. This temperature is also enough to 188 
decompose the ammonium form of zeolite.   189 
3.2. Catalytic tests  190 
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The characterisation studies show that it is possible to obtain miniliths with controlled ZSM-5 191 
loading and porosity. All the miniliths maintained the extruded morphology with mechanical stability 192 
required for characterisation. Therefore, the MTG conversion could be performed with any minilith 193 
considering the catalyst loading, reactor dimensions and heat transfer. For a small-scale laboratory test, 194 
where heat transfer effects are less pronounced (vide supra), we selected minilith C to maintain a high 195 
ZSM-5 loading while keeping a reduced effect of the Si/Al ratio of bentonite on methanol to gasoline 196 
production. Although sample D had the highest ZSM-5 loading, sample C was more mechanically stable 197 
due to its higher bentonite content. A test experiment was carried out on the effect of bentonite on MTG 198 
conversion. A methanol conversion of only 0.9 % was obtained at 54 mL min-1. This conversion is ca. 199 
100 times lower compared to the conversion obtained under the same conditions over the minilith of 200 
similar bentonite content. Therefore, the effect of bentonite on MTG reaction over the minilith studied 201 
was negligible.  202 
Fig. 4 shows the results of the catalytic test conducted over a minilith with 70 wt% ZSM-5 203 
catalyst. As contact time increases, mass fractions of methanol decrease while DME rises until 5.3 gcat 204 
gfeed-1 s showing the activation of the methanol dehydration reaction. Consequently, the mass fraction 205 
of H2O rises. As contact time increases further, DME mass fraction decreases as it is involved in the 206 
chemistries of MTH chemistries such as olefin and aromatic methylation reactions (48).  207 
The conversion of methanol to hydrocarbons is well established to be an autocatalytic reaction 208 
over ZSM-5 catalyst (49-51). The data on MTG reaction over the minilith show autocatalytic behaviour 209 
with a projected non-linear increase from zero contact times (Fig. 4). At low temperatures and high 210 
Si/Al ratios where kinetics control the rate of methanol conversion, Ono and co-workers (51) observed 211 
that the accumulation of reactive intermediates is responsible for the conversion jump as contact time 212 
is increased. This is due to the involvement of reactive species in methylation reactions. Also, rapid 213 
heat generation could be responsible for the conversion jump due to the increasing exothermicity of 214 
MTH conversion as contact time increases. The data (Fig. 4) shows that autocatalysis occurs over ZSM-215 
5 miniliths but with the conversion jump occurring at much lower contact times. The binder acts as a 216 
heat sink by moderating temperature rise, heat generation and reaction conversion (35).  Consequently, 217 
with a constant temperature across the short-length ZSM-5 minilith during MTG conversion (see 218 
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section 1), the data suggests that a low concentration of autocatalysing species is necessary to initiate 219 
the conversion jump.  220 
 
Fig. 4: Product distribution and conversion with contact time over ZSM-5 minilith (sample C) at 370 
°C and an inlet pressure of 3 bar. Methanol, DME, C1-C6 aliphatics, C7 –C10 aliphatics and C6 – 
C10 aromatics were obtained experimentally. H2O was calculated.  
 
Fig. 4 also shows a rise in aliphatics and aromatics as contact time is increased. Recently, it was 221 
shown that DME is the main methylating agent present at conditions required for MTG conversion (52, 222 
53). At high contact times, any DME produced from the equilibration reaction is fully consumed for 223 
aliphatic and aromatic production. During this period, the mass fraction of methanol falls until it reaches 224 
a plateau. Thus, DME acts as an intermediate between methanol and products (aliphatics and aromatics). 225 
DME concentration goes through a maximum because at first it is produced via the equilibration 226 
reaction (which is predominant at early contact times) and then converted into products (aliphatics and 227 
aromatics) during which it is also used as a methylating agent. The equilibration reaction leads to a 228 
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continuous depletion of methanol while DME is increasingly consumed as contact time increases. This 229 
implies that the equilibrium product concentrations can be attained at high contact times.   230 
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Fig. 5: (a) Aliphatic C2-C6, (b) aliphatic C7-C10 and (c) aromatics product distribution with contact 
time over ZSM-5 minilith (sample C) at 370 °C and 3 bar. 
 
Fig. 5 shows how product distribution varies as contact time is increased. At the lowest contact 231 
time of 3.1gcat gfeed-1 s, a diverse range of primary products are observed. As short miniliths would allow 232 
for both low residence times and efficient heat and mass transfer due to developing profiles in the 233 
channels, the varied product distribution at low contact times is likely due to an established hydrocarbon 234 
pool within the ZSM-5/bentonite pore wall (19-21). With comparisons made between the time taken 235 
for species to travel through the axial length of the minilith and the time required to diffuse radially to 236 
the surface of the channel, bulk of the minilith or to active sites on the zeolite crystal surface, the product 237 
distribution obtained at low contact times is subjected to intracrystalline diffusion limitations. The 238 
presence of active species in the hydrocarbon pool at low contact times corresponds with conversion 239 
profiles depicted in Fig. 4. As contact time increases, a range of aliphatics and aromatics are formed. 240 
The underlying mechanism involves a complex interaction of oligomerisation, methylation, hydrogen 241 
transfer and cracking chemistries which are responsible for the olefin product distribution (48, 54). 242 
Aliphatics are formed at lower contact times during MTG conversion. As the contact time increases, 243 
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aromatics are formed via hydrogen transfer and cyclisation reaction between methanol and olefins (55) 244 
or between olefins (56). The presence of aromatics (hydrogen-poor) at short contact times imply that 245 
paraffins (hydrogen-rich) are additionally formed from olefins. Initially, the proportion of olefins grow 246 
and at higher contact times, C2 and C3 hit a maximum and fall while C4 and C6 continue to grow. This 247 
could be due to (i) formation of C2 and C3 from primary oxygenates as well as their methylation and 248 
oligomerisation and (ii) C6 aromatisation. C6 aromatisation results in the formation of alkanes and 249 
aromatics. As contact time increases, aromatic methylation and dealkylation play an increasing role in 250 
MTG conversion and also regulate product distribution (48).  251 
At highest conversions, the product distribution consists predominantly of C4 and C10 aliphatics 252 
and xylene aromatics which are in the gasoline boiling range and are expected from bare ZSM-5 253 
catalysts (7).  The product yield of C4 to C10 range of aliphatics and aromatics account for 53% of the 254 
dry product distribution at the highest conversions (73.6%) in this study. This is comparable with the 255 
gasoline yields obtained from bench-scale studies (57).  256 
Pressure drop through the packed bed of ZSM-5 catalysts and one ZSM-5 minilith channel were 257 
calculated using the Ergun (58) and Hagen-Poiseuille (59, 60) equations. At a weight hourly space 258 
velocity of 273 h-1, the pressure drop through the packed bed of zeolite catalysts was 2 orders of 259 
magnitude higher than that through the zeolite minilith of equal ZSM-5 weight. This difference is 260 
representative of all flowrates. It was challenging to compare the performance of zeolite powders 261 
directly to miniliths of similar ZSM-5 active weight due to differences in pressure drop through the 262 
reactor. Nonetheless, Fig. S3 (see supplementary information) shows a comparison of conversions 263 
obtained over ZSM-5 powder and miniliths (sample C). Similar conversions are obtained over both 264 
systems (ZSM-5 powder and minilith) at 13.2 and 19.8 gcat gfeed-1 s albeit at a pressure drop of 2 orders 265 
of magnitude lower with ZSM-5 minilith.  The difference in pressure drop is in accordance with 266 
literature (61-63). While the conversion data obtained over the miniliths were investigated under similar 267 
inlet pressures (3 bar), there was a variation in inlet pressure for the packed bed leading to an irregular 268 
conversion with contact time profile. A long duration stability experiment comparing zeolite minilith 269 
to powder of equal ZSM-5 weight at 49 h-1 shows higher stability for the powder than the minilith (Fig. 270 
S4). Consequently, higher conversions are obtained over the minilith up until 40 h beyond which the 271 
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powders outperform the minilith in stability. As discussed above, packed beds show significant practical 272 
limitations associated with a higher pressure drop at high catalyst loading. Moreover, a higher minilith 273 
stability can be obtained by using a larger amount of pore-formers or different binders to prevent the 274 
slip wall condition obtained during extrusion.  275 
Simulations conducted by Guo et al. (64), on comparing the conversion of methanol to propene 276 
over a packed bed of ZSM-5 particles to an extruded monolith, show a higher reactor efficiency and 277 
propene selectivity for monoliths. In this study, reducing the catalyst inventory to allow for equal inlet 278 
pressures of 3 bar gives the same gasoline product yield (53%) at a higher conversion of 80% over a 279 
packed bed of catalyst. This further highlights the high performing potential of ZSM-5 miniliths. Future 280 
work would elaborate on characterizing transport effects in miniliths during hydrocarbon 281 
transformations, getting an understanding on primary products formed at much lower contact times and 282 
minilith design optimisation to facilitate longer lifetime.   283 
4. Conclusions  284 
A novel form of a structured catalyst was prepared using a bentonite binder and ZSM-5 catalyst 285 
powder and then evaluated for the conversion of methanol to gasoline. The results of this study 286 
demonstrate that the conversion of methanol to gasoline can be performed with the ZSM-5 minilith 287 
reactor. The miniliths retain the crystal structure of the ZSM-5 catalyst and increase in Si/Al ratio, 288 
surface area and pore volume with an increase in zeolite content. The product distribution obtained over 289 
the ZSM-5 minilith reactor is in the gasoline range and similar to that obtained over ZSM-5 powder 290 
catalysts. The minilith achieves similar conversions at a pressure drop two orders of magnitude lower 291 
than with zeolite powder of equal ZSM-5 weight.  292 
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